The Sijiaying Iron Mine (Hebei Iron and Steel Group, China) is Asia's biggest iron mine, and produces more than 70 million tons of tailing slurry annually, with a mass concentration of 20% [1] . As villages and farmland surround the mine, building a conventional tailings impoundment (CTI) near the iron mine will require an area of 4.2 km 2 , the demolition of three villages, the relocation of 1,000 people, and a total investment of more than 500 million CNY. Furthermore, wastewater, gas, and residue will cause serious pollution issues, making it a significant danger source if the dam were to seep or break [2] . Under the context of farmland protection in China and the downturn in the iron ore market [3] [4] , such a large land expropriation and investment is impossible.
in stopes backfilling. An application of the paste tailings disposal on the surface in the Bulyanhulu mine has been reported by Theriault [7] . With little or no free water bleeding in nature (Fig. 1) , paste tailings can be disposed of on the surface with low failure risks compared with CTI [8] . With a mass concentration of 68%, the paste tailings slurry of Sijiying is still susceptible to liquefaction and the paste tailings dam is still a big dangerous source, especially in rain regions [9] .
With the development of dewatering technologies and equipment, unsaturated filtered tailings disposal (FTD) has presented plenty of benefits for storing tailings over CTI or paste tailings [10] . In the FTD, tailings are stacked compactly, which potentially eliminates the tailing liquefaction dangers and reduces the potential seepage rates [11] . Lupo [12] proved that FTD can be a cost-effective tailings management method by analyzing several application examples. Newman [13] analyzed the superiority and proposed a detailed FTD design for the Rosemont copper mine.
Billions of tons of coal gangue output and millions of hectares of subsidence in coalfields are two prominent social and environmental problems related to underground coal mining in China [14] . According to statistics, the coal gangue output in 2015 was 720 million tons, and there are more than 2,600 gangue mountains in China [15] . However, the current recycling rate is only 60%, and untreated coal gangue may pollute the landscape, water, soil, and atmosphere through dust generation. Besides, coal mining may cause large-scale and longtime land subsidence dangers, which has been a considerable threat to the large population and infrastructure of China. Considering that the land subsidence caused by underground coal extraction is a long and slow process, building a new tailings dam on coal-mining subsidence land may be feasible on the premise that the land subsidence is detected and treated in real-time. Meanwhile, coal gangue is rich in Al 2 O 3 and SiO 2 [16] , making it a rich resource as well as a low-cost damming material.
A disaster chain, which is a brief summary of the different features of disasters, has been a live topic in disaster evaluation [17] . In this study, an innovative application of construction of a super large-scale filtered tailings storage facility (SFTSF) on coal mining subsidence land was conducted to get the 30 million tons/year tailings slurry of Sijiaying to be disposed of safely and effectively. A disaster chain model of the CTI was proposed according to the specific disaster-inducing factors of Sijiaying, and chain-cutting disaster mitigation measures were proposed.
Feasibility Analysis

Feasibility of Construction of a Dam on Coal-Mining Subsidence Land
Fangezhuang Coal Mine, one of the oldest and largest coal mines in Tangshan, China, is located 30 km west of the Sijiaying Iron Mine, and 14 km south of the Guye Area. After 30 years of coal mining, the subsidence area is more than 3.74 km 2 and the average subsidence depth is about 5 m. The existing stope is located between approximately 230 and 330 m depths. Bedrock above the stope is between 20 and 40 m thick, and there is a layer of Quaternary alluvium overlying the bedrock with an average thickness of 125 m. The coal strata below the alluvium are Carboniferous and Permian systems. The floor of the coal bed consists of Ordovician limestone, and the roof is sandstone.
The influence of land subsidence on dam stability is the key factor in the feasibility analysis [18] . When a tailings dam is built above the stope the loading q(X) will be greatly improved and settlement will be accelerated. According to the theory of key stratum in ground control [19] , there are long, thick whole bed rock and Quaternary alluvial strata above the stope, which are seen as key strata for settlement calculation (Fig. 2) .
Results show that settlement will increase at first, then decrease and reach stability following the tailings discharging process. The greatest settlement occurs in the center of the stope and will reach up to 1,630 mm until the dam is closed. As coal mining is still occurring under the subsidence land, the stope will be destroyed and settlement will be accelerated by the drilling blast work. According to the mining plan for Fangezhuang, about two years of land settlement detection caused by coal mining is performed. The detection date is calculated using the probability integral method, and the results show that the greatest settlement is 2,600 mm, the maximum gradient is 9.0 mm/m, and the maximum tensile deformation in the horizontal is 4.50 mm/m until the dam is closed.
The maximum settlement caused by construction of a dam and underground coal mining lies in the center of the stope and will reach 4,230 mm over the whole service life. The service life of the SFTSF is 20 years, and the greatest land subsidence in a year is just 200 mm. Compared with the long, slow settlement of subsidence land, the FTD rise rate is about 2,000 mm/a, which is 10 times the land settlement rate. Besides, the SFTSF will become increasingly stable with the compaction of coal gangue and filtered tailings during the stacks. In summary, avoiding building the dam in the center of the stope and strengthening the land subsidence detection can negate the negative influence on land subsidence.
Feasibility of Coal Gangue for Damming
There are more than 10 million tons of gangue in the Guye Area, Tangshan, occupying more than 100,000 m 2 of land with an average height of 50 m, making it a significant pollution and hazard source. Building the SFTSF will use about eight million tons of gangue and recover 90,000 m 2 of land. As there are no suitable damming materials nearby, using coal gangue for damming purposes instead of buying sandy oil will save more than 200 billion CNY. Compared with using mining rock for damming, coal gangue will save more than 50 billion CNY in transportation costs.
The coal gangue is made up of sandstone and shale; the content of quartz and feldspar is more than 60% and the content of clay minerals is about 25% ( Table 1) . As is typical in alkaline waste residue, the oxide content of Si, Al, and Fe is more than 85%. The content of S is less than 1.5%, meaning that the coal gangue will not spontaneously combust under normal circumstances. The pH of gangue lixivium is 8.2, and the total mineralization is 1,500 mg/L less than the effluent standard. With a non-uniform coefficient of 6 and gradation factor of 2.5, the effective grain diameter of coal gangue is 0.32 mm, the content of big coal gangue is less than 10%, and only 3% of the content is smaller than 75 μm. The density is 2.6 g/cm 3 and the compressive strength calculated by unconfined compressive strength test is 67.5 MPa. The coal gangue shows good performance in softening resistance, slakedurability, and water stability, which can meet the working demands in water-related situations. The permissible deformation value of coal gangue as a damming material is 9.0 mm/m, which is twice the maximum horizontal tensile deformation calculated by direct tension tests.
A series of laboratory tests, such as petrographic composition, chemical component, leaching experiments, and physico-mechanical properties, show than coal gangue is similar to gravelly soil, has good performance in softening resistance, slake-durability, and water stability, and is an economic and environmentally friendly damming material.
Feasibility of FTD
The Sijiaying Iron Mine in Hebei, China, commissioned in 2007, is the largest underground iron mine in Asia to adopt an FTD solution. Backfilling stopes will use nearly half a portion and the remaining 30 million tons/year of argillized ultrafine tailings slurry will be 'stacked' on the surface. Fig. 3 presents a flow chart of the proposed preparation and transportation of filtered tailings in Sijiaying. Deep-cone thickener is used to obtain high concentration underflow by adding proper flocculants and coagulants to accelerate the settling velocity of fine tailings. With a solid concentration of 65%, the underflow is transported to the filter-press plant by piston pumps in 
Stability Analysis
Slide is a slope stability software with built-in finite element groundwater seepage analysis for steady state or transient conditions [20] . A comparison of the slope stability factors (SSF) of the SFTST and CTI in normal, flood, sustained rainfall, and earthquake conditions was conducted by Slide.
Introduction
The newly designed dam on subsidence land is thirdclass and has a height of 42 m. By covering 5.29 km 2 of coal-mining subsidence land, the storage capacity of SFTST is 168.45 million m 3 . With an average tailings particle size of 20 μm, the argillized ultrafine tailings slurry of Sijiaying is not suitable damming material. Therefore, coal gangue is used for damming the starter dam and sub dams. The height of the starter dam is 12 m, and the dam structure is stiffened by high-strength geotextiles. With a 5 m wide dam crest, the upstream slope ratio of the dam is 1:1.75, the downstream slope ratio is 1:2, and the axis length is 3.8 km. With an outside slope ratio of 1:3 and an inside slope ratio of 1:1.5, the height of the sub dam is 5 m and the dam crest is 2 m wide. There are six sub dams, and the dam crest is +65 m.
The geological section of CTI is shown in Fig. 4 . The faster the slurry velocity, the further the tailings will be carried. Relatively coarse particles, such as fine sand tailings and silty sand tailings, will settle first and appear on the dry beach. Relatively fine particles such as silty soil tailings and clay-sized tailings will be transported further to the transition area and wateraccumulated area [21] [22] . Unlike CTI, the filtered tailings composition is relatively singular and uniform after being filtered in the filter-press plant. Soil indicators of the main materials in the geological section are shown in Table 2 . 
Stability Analysis in Normal Conditions
The saturation line was also called the lifeline of CTI because nearly 25% of dam failure accidents are caused by the high position of a saturation line [23] . Filtered tailings are less than 100% saturated and non-segregating in nature, and then there is no saturation line in the SFTSF. The saturation lines of CTI, which were calculated by Slide using a finite element analysis method, are shown in Fig. 5 .
To reduce the calculation error, SSF were calculated by Slide using the Bishop, Janbu, and Fellenuius methods [24] . By using the Janbu method, the calculated SSF of SFTSF and CTI are both higher than the safety level of 1.30 (Fig. 6) , and the slopes show good stability in normal conditions.
Stability Analysis in Flood Conditions and Sustained Rainfall
Flooding is a dangerous source for CTI because the saturation line will increase quickly with plenty of water influx. SSF of CTI in flood conditions (with a water freeboard of 0.7 m) using the Janbu method is just 1.13 (Fig. 7) , which is lower than the safety level of 1.20 and prone to failure. Due to the low osmosis of filtered tailings, infiltration of free water is very slow in flood conditions, resulting in a low saturation line in SFTSF. The calculated SSF of SFTSF in flood conditions is still 1.69 and almost the same of that in normal conditions.
On sustained rainfall days, especially in rain seasons, tailings discharge is always halted and a series of drainage works will be implemented immediately. Then there is far less water influx in sustained rainfall than in flood conditions. However, the slope surface will be more than 100% saturated with long-time rain soaking, resulting in a high saturation line along the outside slope surface. Under the function of a high saturation line, the calculated SSF of SFTSF and CTI in sustained rainfall conditions are 1.17 and 0.92 (Fig. 8) , respectively. As a consequence, the slope of SFTST is in the limit equilibrium state but still safer than CTI.
The SFTSF shows good stability in normal conditions and in flooding situations, but the failure probability will increase during periods of sustained rainfall. However, the climate of Tangshan is a sub-humid, warm temperate continental monsoon climate, with annual precipitation of only 524 mm, and there are no large rivers. Therefore, it is unlikely that a big flood would occur within the service life of the new SFTSF [25] . There will occasionally be some sustained rainfall days in the summer, but the precipitation amount will be very small. Forecasting should be employed and defensive actions should be taken in this situation, and then the negative influence of the rainfall can be ignored.
Seismic Stability Analysis
Earthquakes may have a destructive effect on dams. Tangshan suffers from frequent earthquakes, and a magnitude 7.8 earthquake struck in 1976. Therefore, seismic fortification of the SFTSF is set at a magnitude of 8.0, seismic acceleration in the horizontal to 0.2 g, and seismic acceleration in the vertical to 0.1 g. Tailings properties used for SSF calculation in an earthquake are shown in Table 2 . The average SSF of the CTI is 0.74 (Fig. 9) , which is far lower than the standard level of 1.10. Meanwhile, the average safety factor for the SFTSF in a magnitude 8.0 earthquake is about 1.11 (Table 3) , which is in a limit equilibrium state. Table 3 shows the calculated safety factors of the SFTSF and the CTI in the above-mentioned situations. Compared with CTI, the SFTSF has less chance of failure, lower seepage probability, and smaller impact scope since there is much less water containment.
Disaster Analysis
Disaster Chain
The formation mechanisms, evolution processes, and destructiveness of a disaster can be analyzed using disaster chains. The commonness or rarity of different disasters can be analyzed in depth and summarized, providing a firm foundation for future disaster prevention and control [26] . Under the actions of different disasterinducing factors like rainfall, flooding, earthquakes, and coal mining, disasters begin to appear in the preparation stage (Fig. 10) . Several small disasters begin to appear continuously, for instance land subsidence, dam cracking, and piping. With continuous exposure to adverse factors, the development of disasters will be accelerated to the latency stage and a series of small disasters -like high saturation line, tailings liquefaction, and dam cracking -may appear in the latency stage and result in the final disaster's explosion stage. Destructive disasters like mudrock flow and landslides will outburst in the explosion stage and the disaster chain model of CTI is called the bursting and slippage chain [27] . Other chain-styled theoretic models, such as the creeping corrosion chain, the periodicity repetition chain, the branch-haulm drainage area chain, the cut-and-fill sedimentation chain, and the radiation chain are also widely used in disaster analysis.
Chain-Cutting Disaster Mitigation Technology
Chain-cutting disaster mitigation technology is defined as a useful disaster control and loss reduction method that cuts off the disaster chain and prevents disaster development [28] . For the bursting and slippage chain of CTI in Sijiaying, corresponding chain-cutting disaster mitigation measures are shown in Fig. 11 . Tailings reutilization, backfill, and dam reinforcement are all important and useful active prevention measures but cannot resolve the issue completely. FTD has been proven to be the most effective active prevention method. First, the most dangerous free water is separated from the stacked tailings, leading to the threatening saturation line far away from the SFTSF. Besides, SFTSF has less chance of seepage and lower potential destructiveness than that of CTI in flood, rainfall, and earthquake situations. Furthermore, the construction scale and costs will be reduced greatly while the storage and service life will be effectively improved. Detection, evacuation, and prevention are the core of passive defense measures [29] . According to potential disasters, a series of passive defense measures will be taken to reduce the disasters loss, which has been proven easy to implement while the results are not sufficiently effective.
Conclusions
To dispose of the 30 million tons/year Sijiaying tailings slurry safely and effectively, we conducted an innovative application of construction a SFTSF on coal mining subsidence land. Compared with the long, slow settlement of subsidence land, the FTD rise rate is about 10 times the land settlement rate, and the negative influence of land subsidence can be neglected. A series of laboratory tests shows than coal gangue has good performance in softening resistance, slake durability, and water stability. Therefore, construction of a new coal gangue-based SFTSF on coal mining subsidence land is safe, economical, and environmentally friendly.
The SFTSF shows good stability in normal conditions and flood situations. Safety factors under sustained rainfall and a magnitude 8.0 earthquake are 1.18 and 1.11, respectively, which are both in the limit equilibrium state. Compared with the CTI, the SFTSF has less chance of failure, lower seepage probability, and smaller impact scope since there is much less water containment.
The failure type of the CTI in Sijiaying belongs to the bursting and slippage disaster chain. As an environmentally friendly, cost-effective chain-cutting disaster mitigation measure, filtered tailings disposal shows great advantages in reducing tailings emissions, dam construction scale, and operational costs, at the same time improving water conservation, dam stability, and service life.
The Slide simulations in this paper were conducted in only two dimensions. The calculation accuracy can be further promoted in the future by using 3-dimensional finite-element software.
